INTRODUCTION
G protein-coupled receptors (GPCR) are one of the largest membrane protein families in eukaryotes, with over 800 different GPCRs found in the human proteome (Shimada et al., 2019) . Importantly, GPCRs are associated with a large number of human diseases (Tschöp et al., 2016; Wacker et al., 2017) , a finding that has stimulated, over the last several decades, increased interest in identifying their endogenous ligands and mechanism of activation as well as the development of pharmacological agonists and antagonists with improved therapeutic efficacy (Hauser et al., 2017) . In this respect, obesity and obesity-associated diseases, such as type 2 diabetes, hypertension, etc., are a therapeutic area in which the study of the biological mechanisms regulated by peptides/GPCRs and the development of drugs based on these mechanisms have flourished (Rodgers et al., 2012) . For example, insulin and glucagon-like peptide 1 analogs are currently in the market or in advanced stages of clinical trials for several common diseases (Clemmensen et al., 2019; Müller et al., 2018) . Pharmacotherapy for obesity aimed at increasing lipolysis and free fatty acid utilization would be ideal because it would directly target the excess in fat stores. Lipolysis is a complex and finely regulated multistep biological process in which norepinephrine (NE), released by the postganglionic sympathetic neurons innervating adipose fat depots, activates the GPCR β-adrenergic receptors (β-ARs) on adipocyte membranes and the downstream signaling cascade, including cyclic AMP (cAMP)-dependent activation of protein kinase A (PKA), and phosphorylation and translocation of hormone-sensitive lipase (HSL) to lipid droplets (Arner, 1999; Granneman and Moore, 2008; Lafontan and Langin, 2009; Lönnqvist et al., 1992; Reilly and Saltiel, 2017) . As an end result of lipolysis, free fatty acids and glycerol are released from adipocytes and delivered to other metabolic organs and undergo β-oxidation. Obesity perturbs the physiological regulation of lipolysis, leading to lipolytic catecholamine resistance, characterized by, among other molecular changes, downregulation of β-ARs and HSL (Arner, 1999; Lafontan and Langin, 2009; Lönnqvist et al., 1992) . Identifying new mechanisms that can overcome lipolytic catecholamine resistance and safely enhance lipolysis would be extremely helpful for obese patients because it would directly target excessive fat mass (Cero et al., 2016; Reilly and Saltiel, 2017) . However, previous attempts largely failed because most potent lipolytic sympathomimetic drugs (such as β-AR agonists) induced adverse cardiovascular effects or aggravated metabolic syndrome (Clapham and Arch, 2011; James et al., 2010; Rodgers et al., 2012) . Several neurotransmitters and neuropeptides, often co-secreted with NE by sympathetic nerves, endocrine glands, or macrophages/adipocytes and targeting GPCRs on adipocyte membranes play a key role as sensitizers of adrenergic-induced lipolysis (Bandyopadhyay et al., 2012; Nguyen et al., 2011; Pellegrinelli et al., 2018; Pirzgalska et al., 2017; Villarroya and VidalPuig, 2013; Whittle et al., 2012) . These sensitizer mechanisms have the potential to serve as targets alternative to or synergistic with β-ARs agonists for pharmacotherapy of obesity, directly targeting excess adiposity, but so far, this approach remains poorly understood and investigated. In the present study, we focused the complement 3a receptor (C3aR1) (Hollmann et al., 1998) , a receptor expressed in adipocytes (Mamane et al., 2009; Quell et al., 2017) , and its ligand, the VGF-derived neuropeptide TLQP-21, a sensitizer of β-ARinduced lipolysis shown previously to oppose obesity and normalize molecular markers of catecholamine resistance without causing cardiovascular side effects, a chronic increase in circulating fatty acids, or ectopic fat deposition in mice, overall suggesting a concomitant increase in tissue β-oxidation (Bartolomucci et al., 2006; Cero et al., 2014 Cero et al., , 2016 Fargali et al., 2014; Guo et al., 2018; Jethwa et al., 2007; Possenti et al., 2012) . Here, combining pharmacology, homology modeling, and evolutionary analysis, we first characterized the mechanism of TLQP-21 potentiation of β-AR-induced lipolysis in adipocytes and subsequently identified a unique peptide/receptor co-evolution in the Murinae subfamily of rodents, which explains its pharmacological efficacy by virtue of enhanced hydrophobicity representing a gain of function for a neuropeptide that becomes a potent agonist at C3aR1. Because we also demonstrated that changes in gene expression of critical nodes in TLQP-21/C3aR1-mediated lipolysis are conserved in obesity in mice and humans, and because the rodent peptide retains its biological activity in humans (potentiation of adrenergic-induced lipolysis), our discovery can pave the way for investigation of this molecular target to develop innovative pharmacotherapies for obesity and associated diseases.
knockdown (KD) 3T3-L1 cell lines. Cells were infected with 3 different lentiviruses harboring short hairpin RNA (shRNA) against C3aR1, or a non-targeting shRNA was used as a control. qPCR showed strong depletion of C3aR1 in KD cells ( Figure 1A ). We selected one of the KD lines for the experiments and replicated critical findings in a second cell line (see below). Adipogenesis and expression of key genes involved in adipogenesis and lipolysis, such as PPAR-γ, leptin, βARs, HSL, etc., were normal, except for a modest increase in β3AR ( Figure 1A ; Figure S1 ). C3aR1 KD and shRNA control cells were differentiated in adipocytes and incubated with TLQP-21 (using previously validated doses; Cero et al., 2016) in the presence or absence of the nonselective β-AR agonist isoproterenol (ISO), essentially as established previously (Cero et al., 2016) and as described in the STAR Methods. As expected (Cero et al., 2016; Possenti et al., 2012) , TLQP-21 enhanced ISOinduced lipolysis in control cells without being pro-lipolytic per se ( Figure 1B) . Conversely, TLQP-21 failed to potentiate ISO-induced lipolysis in C3aR1 KD cells ( Figure 1B ). Essentially the same phenotype was obtained in a second independent cell line harboring a different shRNA targeting C3aR1 ( Figure S1F ), ruling out nonspecific targeting of the shRNA. Next we carried out immunoblots and densitometry analysis for phosphorylated hormone sensitive lipase (pHSL) and phosphorylated extracellular signal-regulated kinase (pERK), the key signaling nodes in the TLQP-21 pro-lipolytic pathway (Cero et al., 2016; Possenti et al., 2012) . Consistent with previous findings, incubating 3T3-L1 adipocytes with TLQP-21 enhanced pERK and potentiated ISO-induced phosphorylation of ERK and HSL ( Figure 1C ). Importantly, experiments conducted in C3aR1 KD cells established that C3aR1 expression is necessary for TLQP-21-induced phosphorylation of ERK and potentiation of ISO-induced pERK and pHSL ( Figure 1C ). Overall, our data demonstrate that C3aR1 is necessary for TLQP-21-mediated lipolysis via ERK activation of HSL in murine adipocytes. However, the upstream signals remained unknown. To answer this question, we focused on the mechanism of peptide-mediated calcium uptake.
TLQP-21 Mediates Lipolysis via Calcium Influx from the Extracellular Compartment
TLQP-21-mediated lipolysis can be prevented by pretreatment with the calcium chelant EGTA, suggesting calcium influx from the extracellular compartment (Cero et al., 2016) . However, the mechanism is not well understood. We carried out PCR-based microarray experiments and found a number of calcium channels expressed in both 3T3-L1 fibroblasts and adipocytes (Table S2) , including transient receptor potential channel 1 (TRPC1), TRPC5, and TRPC6, channels that have been identified previously in this cell type (Sukumar et al., 2012) . Based on the TLQP-21 pharmacological profile, we tested the hypothesis that C3aR1 is functionally coupled to a putative TRPC channel upon TLQP-21 activation, leading to calcium influx from the extracellular compartment. To test this hypothesis, we used two methods, the non-ratiometric Fluo-4 Ca 2+ indicator and radiometric Ca 45 2+ assays. Fluo-4, unlike ratiometric indicators such as Fura-2-acetoxymethyl ester (FURA-2AM), is less prone to quenching of the signal by lipid droplets in adipocytes and more sensitive to transient calcium influx, which would be undetectable by FURA-2AM (Cero et al., 2016; Sukumar et al., 2012) . Using the Fluo-4 assay, we established that TLQP-21 rapidly and concentration-dependently increased intracellular calcium ([Ca 2+ ]i) in 3T3-L1 cells (Figures S2A and S2B) . This effect is specific to TLQP-21/C3aR1 activation, as demonstrated by the following: (1) the TLQP-21 mutant R21A did not increase [Ca 2+ ]i ( Figure S2A ); (2) the C3aR1 antagonist SB290157 antagonized TLQP-21-mediated calcium influx ( Figure 2A) ; (3) C3aR1 KD prevented the TLQP-21-mediated increase in [Ca 2+ ]i ( Figure 2B ; Figure S2C ). Additionally, multiple pharmacological experiments allowed us to exclude a role of the C5a receptor in TLQP-21-induced increases in [Ca 2+ ]i ( Figures S3A and S3B ). Next, to unambiguously establish that TLQP-21 causes an increase in calcium from the extracellular compartment, we used a high-sensitivity radiometric Ca 45 2+ assay. TLQP-21 caused significant Ca 45 2+ uptake compared with control treatment, whereas the R21A mutant consistently failed to elicit calcium influx ( Figure 2C ; Figure S4A ). Additionally, ISO per se did not increase Ca 45 2+ uptake under our experimental conditions and did not potentiate TLQP-21-mediated effects ( Figure 2D ), further supporting the hypothesis that the first messengers downstream of NE-and TLQP-21-mediated signaling pathways are independent in our cellular model.
Next we directly tested the hypothesis that TLQP-21 mediates lipolysis via activation of a TRPC channel. We first measured TLQP-21-mediated calcium influx in 3T3-L1 cells in the presence or absence of the pan-specific TRPC inhibitor SKF-96365 (Singh et al., 2010) . SKF-96365 blocked the TLQP-21-induced increase in [Ca 2+ ]i, whereas the response to the purinergic agonist uridine triphosphate (UTP) was maintained even in the presence of a mild SKF-96365-induced elevation of basal fluorescence ( Figure 2E ; Figure S4B ). Next we incubated 3T3-L1 adipocytes with TLQP-21 in the presence or absence of ISO and in the presence or absence of SKF-96365. SKF-96365 concentration-dependently blocked TLQP-21-mediated enhancement of ISO-induced lipolysis without affecting basal or ISOinduced lipolysis ( Figure 2F ; Figures S4C and S4D ). Because SKF-96365 can potentially inhibit store-operated calcium release (Sabourin et al., 2016) , we also carried out a second set of lipolysis experiments, incubating adipocytes with AncoA4, a selective inhibitor of store-operated calcium release (Sadaghiani et al., 2014) . Unlike SKF-96365, AncoA4 did not prevent TLQP-21-mediated lipolysis ( Figure S4E ), further strengthening the conclusion that TLQP-21 activates calcium influx from the extracellular compartment ( Figure 2 ). Finally, Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) is activated by increased [Ca 2+ ]i and causes phosphorylation of the ERK/HSL pathways (Rapold et al., 2013) , which are critical nodes in TLQP-21 signaling (Cero et al., 2016) . Consistently, the CaMKII inhibitor KN-62 prevented TLQP-21-induced potentiation of ISO-induced lipolysis without affecting basal or ISO-induced lipolysis per se ( Figure S4F ). Overall, our results demonstrate that the TLQP-21 lipolytic mechanism is mediated by C3aR1 activation of a TRPC channel that is responsible for calcium uptake from the extracellular compartment and activation of the CaMKII/ERK signaling cascade, resulting in potentiation of adrenergicinduced HSL phosphorylation.
Having identified the TLQP-21 mechanism of action in vitro, we aimed to establish whether the identified signaling pathway is conserved in mouse and human obesity.
Obesity Results in Low βAR, HSL, and TRPC1 Expression and High C3aR1 Expression in White Adipose Tissue of Mice and Humans
The current knowledge of TLQP-21/C3aR1-mediated biological effects is limited to rodent models. Therefore, we first aimed to determine whether the critical molecular nodes in the TLQP-21/C3aR1 lipolytic pathway identified in this study and elsewhere are conserved in adipose tissue in humans ( Figure 3A) . We quantified the expression of several genes in 208 well-characterized and non-diabetic humans (see STAR Methods for a description of the study population). We observed a negative correlation between BMI and/or percent fat mass with β2ARs, TRPC1, and HSL and a positive association of the same biometrical parameters with C3aR1 ( Figure 3B ). Consistently, 9 weeks of a high-fat diet (HFD) induced very similar molecular changes in obese mice, with a significant increase in C3aR1 expression and downregulation of βARs (particularly β3AR), HSL, and TRPC1 ( Figures 3C  and 3D) . Conversely, the expression of C5aR1 and C5aR2, receptors closely related to C3aR1, is not significantly associated with obesity in humans or in mice ( Figure S3C ). These results suggest that the molecular pathway critical for TLQP-21-mediated lipolysis is conserved in obese mice and humans. Specifically, although C3aR1 is upregulated in adipose tissue in obesity in both species, the critical nodes downstream of C3aR1 (i.e., TRPC1 and HSL) are downregulated in obesity. This finding is in line with and adds to the existing literature on molecular changes observed in lipolytic catecholamine resistance (Arner, 1999; Cero et al., 2016; Reilly and Saltiel, 2017) , suggesting that dysregulation of this lipolytic pathway can be causal for fat accumulation.
Modeling and Simulation of TLQP-21 Binding to C3aR1
Our data identified TLQP-21/C3aR1 as a promising translational target for obesity. To shed light on how the mouse and human peptides activate C3aR1, we conducted homology modeling and targeted pharmacological experiments. The activity of human TLQP-21 (hTLQP-21) has been shown to be lower at the human, murine, and hamster C3aR1 compared with mouse TLQP-21 (mTLQP-21) Hannedouche et al., 2013) .
To establish the molecular basis of peptide/receptor binding and activity, we conducted modeling and simulation of hTLQP-21 and mTLQP-21 bound to human C3aR1 (hC3aR1) or mouse C3aR1 (mC3aR1), respectively. Homology modeling of hC3aR1 and mC3aR1 was carried out based on our previous structural data and the recently solved X-ray crystallographic structure of C5aR1 , a much more closely evolved receptor to C3aR1 compared with the human chemokine receptor CXCR4 used previously to model C3aR1 (Reid et al., 2013) . This X-ray structure by Liu et al. (2018) was strategically chosen over a related structure (Robertson et al., 2018) because of its resolved orthosteric site with bound PMX53, a cyclic peptide. Notably, the carbon α root-mean-square deviation (CαRMSD) between the two structures (PDB: 5O9H and 6C1Q) was 0.87 Å, which does not provide a significant advantage for structural refinement ( Figure S5A ). hTLQP-21 and mTLQP-21 bound to C3aR1 were modeled as an ideal α helix, with their C terminus mimicking the observed mode of binding of the cyclic peptide PMX53 using Maestro's builder (STAR Methods). Consistent with previous modeling of C3aR1 using smaller fragments of C3a and small molecules (Reid et al., 2013) , our final homology model lacks the extracellular region consisting of amino acids 178-324, known to bind the 77-aminoacid, full-length C3a that can be removed without affecting C3a binding/activity .
Our model revealed that mTLQP-21 retained its secondary helical structure in the presence of mC3aR1 with a very low average CαRMSD of 1.7 Å ( Figure S5B ; Video S3).
Importantly, although hTLQP-21 had a much higher average CαRMSD of 4.0 Å in the presence of hC3aR1, indicating partial unfolding, mTLQP-21 retained a lower average CαRMSD of 2.1 Å and a relative α-helicity of 0.7 Å in the presence of hC3aR1, indicating a more stable helical structure relative to its unbound form Figures S5C and S5D) , even when extending the simulation to up to 500 ns ( Figures S5C and S5D ). As expected Chakraborty et al., 2015) , both hTLQP-21 and mTLQP-21 spontaneously unfolded to completion in water, with an average CαRMSD of 7.9 and 8.6 Å, respectively ( Figure 4C ; Figure S5B ; Videos S1 and S2). The CαRMSD and carbon α rootmean-square fluctuation (C α RMSF) of mC3aR1 and hC3aR1 for all three bound states remained less than 3.0 Å throughout the molecular dynamic (MD) simulations, indicative of a stable GPCR membrane-bound structure (Figures S5C and S5D; Videos S3, S4, and S5). These data complement previous binding results showing a half-maximal effective concentration (EC 50 ) for mTLQP-21 to be approximately seven times lower (10.3 μM) than that of hTLQP-21 (68.8 μM) in human cells expressing hC3aR1 . Most importantly, the final conformation of mTLQP-21 bound to hC3aR1 showed specific salt bridge interactions between R21 of the peptide with surrounding D417, R161, and R340 in C3aR1, which validates their importance for receptor binding and activation ( Figure 4B ; Figure S6A ). Amidation of the TLQP-21 peptide C terminus prevents TLQP-21 biological activity , which could result in loss of salt bridge interactions between its terminal carboxylate group to D417, R161, and R340 ( Figure 4B ). Furthermore, it could further explain the previous site-directed mutagenesis study (Sun et al., 1999) , which showed that the R161A, R340A, and D417A mutations result in complete loss of C3a binding affinity to C3aR1. The presence of two consecutive prolines (P18 and P19), near the C terminus of TLQP-21, is a partial disruptor of the α helix structure motif that was observed both in our earlier NMR study and in our simulation. Interestingly, the bound TLQP-21 within the C3aR1 retained a high level of α-helical structure in our simulation in the absence of the 178-324 extracellular region, confirming that this extracellular loop is not required for binding of small peptides. As shown in Figure  4B , a significant number of acidic residues are located at the opening of the hC3aR1 binding site that form salt bridge interactions with the conserved R 9 RRHXHH 15 motif of both human and mouse TLQP-21. These include D167, D325, D326, and D327, located at the truncated extracellular loop 2 (ECL2) region between transmembrane helix 4 and 5 (TM4 and TM5), as well as E406, located on ECL3 adjacent to TM6. Among them, D167, D326, and E406 in hC3aR1 were found to be conserved as aspartate or glutamate in both EL2 and EL3 among other mammalian C3aR1s (Table S3) . Overall, based on our modeling and simulation study, the C-terminal motif (PPAR in mTLQP-21 and PPSR in hTLQP-21) of TLQP-21 was identified as the substrate recognition motif required for binding and activation of C3aR1. Both C-terminal motifs contain R21, which is essential for C3aR1 activation and is also found in the C terminus LAR motif of C3a (Reid et al., 2013) .
Mouse TLQP-21 Enhances Adrenergic-Induced Lipolysis in Human Adipocytes
To determine the functional significance of our modeling and receptor binding data , we used human mesenchymal stem cells differentiated into adipocytes as a model system ( Figure S7 ). Human adipocytes were incubated with different doses of either hTLQP-21 or mTLQP-21 in the presence or absence of ISO using a protocol similar to what we described previously for murine adipocytes. The results demonstrate that mTLQP-21 dose-dependently potentiates ISO-induced lipolysis without affecting basal lipolysis and that the mouse peptide is more potent compared with hTLQP-21 in human cells ( Figure 4D ). This result matches the results obtained in rodent adipocytes and highlights a conserved functional role of C3aR1 in mediating lipolysis in rodent and humans systems. Importantly, the lipolysis data provide pharmacological validation of the modeling data, which demonstrate that the average CαRMSD is much higher for hTLQP-21 compared with mTLQP-21 in the presence of hC3aR1 ( Figure 4C ). Furthermore, the CαRMSD of mTLQP-21 is lower in the presence of mC3aR1 compared with hC3aR1, a finding that supports the observation that mTLQP-21 potentiate ISO-induced lipolysis in rodent cells with doses in the nanomolar range ( Figure 1 ; Cero et al., 2016) , whereas micromolar-range doses are required in human cells. Overall, these results demonstrate that mTLQP-21 potentiates adrenergic-induced lipolysis in human adipocytes.
Co-evolution of Critical Amino Acids Explains the Biological Activity of TLQP-21/C3aR1
To explore the basis of the surprising outcome of our modeling and pharmacological experiments and to understand the sequence specificity required for activation of hC3aR1 (which would be relevant for future drug discovery endeavors), we examined all full-chain sequences of mammalian TLQP-21 and C3aR1 available from the NCBI and compared them with C3a (Table S3 ). Multiple sequence alignment was carried out for each protein to quantify the occurrence of established binding motif and to identify other potential candidates. Of the 71 non-redundant mammalian TLQP-21 sequences found in the VGF propeptide, the C-terminal PSR motif was found to be the most predominant (56%), followed by PSH (14%) ( Table 1) . Together with other observed motifs, 96% of all available mammalian sequences require a positively charged arginine or histidine at the C terminus of TLQP-21, which strongly supports our identified salt bridge interaction with D417 as an essential and structurally conserved interaction for hC3aR1 activation ( Figure 4B ). In all 15 primate species analyzed, including humans, the TLQP-21 C-terminal motif was invariably PSR (Figures 4E and 4F ; Table 1 ). In comparison, only 52% of the rodent species analyzed had the C-terminal PSR motif. However, all species included in the Murinae (including mice and rats) or the Cricetinae (including Cricetulus griseus, used to generate Chinese hamster ovary [CHO] cells, see Molteni et al., 2017 ; and closely related to Phodopus sungorus, see Jethwa et al., 2007) subfamilies of rodents invariably expressed an alanine at the 20 th position of TLQP-21 (Figures 4E and 4F; Table 1 ). Based on the present data, the PSR motif, commonly observed across other mammalian species, can be considered the ancestral sequence in mammals, whereas the PAR sequence represents an evolved sequence in a subgroup of rodents ( Figure S6 ).
To compare the evolutionary history of the C-terminal XR motif required for activation of C3aR1 Doolen et al., 2017; Reid et al., 2013) , we further examined the available mammalian full-length sequences of C3a (Table 1) . Of the 82 species examined, 56 species possess the C-terminal LAR motif (71%), followed by 22 species with an LGT motif (27%). Interestingly, all rodents exclusively possess the terminal LAR motif in C3a, whereas in primates, 56% (including humans) express the LAR sequence and 44% express the LGT sequence, which have never been explored for their C3aR1 activity, to the best of our knowledge.
Subsequently, we examined the specific sequence motif within the identified C3aR1 binding site. D417, crucial for the salt bridge interaction of the TLQP-21 C-terminal arginine 21 side chain, was conserved in all 110 mammalian species analyzed (Table S3A) . Furthermore, when exploring the contiguous amino acids, we found that the most common motif across taxa was the DHV* (67%), with 92% of all primates expressing a DHVS/C/F motif (Table 1;  Table S3A ). Conversely, there was larger variability in rodents, with the predominant C3aR1 motif being DHMS (25%). However, all species belonging to the Murinae subfamily of rodents (including mice and rats) invariantly expressed the DHMS motif ( Figure 4F ).
Finally, to explain the increased binding affinity of mTLQP-21 at both mC3aR1 and hC3aR1 compared with hTLQP-21 ( Figure 4C ; Figure S3B ), we identified the amino acid residues within 4 Å of the TLQP-21 C-terminal PPAR/PPSR motif in the h/mC3aR1 substrate binding site. Of the 47 mammals available in NCBI, consisting of all three reported TLQP-21, C3a, and C3aR1 sequences, 9 of 17 amino acid residues were highly conserved among all mammals (from 96% to 100% identity across all species; Table S3B ), including the critical R161, R340, and D417A. Importantly, the only sequence variability differentiating the human and the mouse receptor corresponded to V 103 , S 400 , L 413 , V 419 , and C 420 in hC3aR1 compared with the corresponding I, L, V, M, and S residues in mC3aR1 ( Table 2; Table S3C ). Although these mutations are still permissive for binding of the PPAR or PPSR motifs, the increase in hydrophobic residue makeup going from the hC3aR1 (VSLVC, 53% hydrophobicity) to the mC3aR1 (ILVMS, 59% hydrophobicity) binding sites is consistent with (1) the higher binding affinity and relative higher potency of mTLQP-21 (PPAR motif, 75% hydrophobicity) to mC3aR1 than to hC3aR1 ( Figure 4C ; Figures S5C and S5D) and (2) the higher binding affinity and higher potency of mTLQP-21 at hC3aR1 compared with hTLQP-21 (PPSR motif, 50% hydrophobicity) ( Figures 4C and 4D ).
To directly test the hypothesis that the five residues in the C3aR1 receptor binding pocket that are mutated in mice (V103I, S400L, L413V, V419M, and C420S; Figure 5A ) can explain the receptor activation potency of TLQP-21, we conducted in silico and in vitro experiments in wild-type (WT) and murinized hC3aR1 (m*C3aR1, generated by mutating the 5 aforementioned amino acid residues). First we conducted a mutagenesis thermodynamic cycle to evaluate the binding affinity (ΔG bind ) by using the molecular mechanics generalized born solvent-accessible model (see STAR Methods for details). Murinizing hTLQP-21 at the 5 critical residues led to a decrease in ΔG bind in the presence of both hTLQP-21 and the mTLQP-21 ( Figure 5B ), indicating increased binding affinity. Consistent with the result of the lipolysis assay ( Figure 4D ), the most negative ΔG bind was obtained for m*C3aR1 in the presence of mTLQP-21 ( Figure 5B ). Next we conducted C3aR1 β-arrestin recruitment assays as described previously Kroeze et al., 2015) in HTLA cells transfected with hC3aR1 or m*C3aR1. Supporting our hypothesis, and consistent with the results from the mutagenesis thermodynamic cycle, murinizing the human receptor at the five residues led to a 42-fold increase in potency for mTLQP-21 (hC3aR1, EC 50 = 2.3 μM; m*C3aR1, EC 50 = 0.055 μM) and a more modest 28-fold increase in potency for hTLQP-21 (hC3aR1, EC 50 = 16.9 μM; m*C3aR1, EC 50 = 0.59 μM) ( Figures 5C, 5D , and 5F). Interestingly, the potency of the C3aR1 agonist C3a 63-77 was only increased by 8.5-fold at m*C3aR1 (hC3aR1, EC 50 = 3.6 μM; m*C3aR1, EC 50 = 0.4 μM; Figures 5E and 5F). These results directly validate the outcome of our evolutionary analysis and demonstrate that these 5 mutations in the C3aR1 binding pocket are important for the enhanced functional potency of TLQP-21.
Overall, we identified unique peptide/receptor co-evolution in the Murinae subfamily of rodents (which includes mice and rats), which explains the increased estimated binding affinity and functional potency of the mTLQP-21 peptide at the mouse and hC3aR1 compared with the ancestral hTLQP-21 sequence. Importantly, in spite of this evolved enhanced function, the potent mouse peptide retains its ability to bind and activate the human receptor and can thus be considered a relevant template for drugs designed to target C3aR1.
DISCUSSION
GPCRs and their substrate ligands are major molecular targets for pharmacotherapies (Shimada et al., 2019; Wacker et al., 2017) . However, one constraint when developing effective and safe biologic therapies is the high specificity of the amino acid motif required for optimal peptide/receptor binding and receptor activation. Subtle species-specific differences in key amino acids in peptide pharmacophore and receptor binding pockets may compromise the ability to translate promising therapeutic efficacy from animal models to humans (Lahti et al., 2012; Lau and Dunn, 2018; Shimada et al., 2019) . Here, combining phylogenetic analysis, molecular dynamics, and molecular pharmacology, we established that one amino acid substitution in the TLQP-21 peptide (S20A) and 5 amino acid substitutions in the C3aR1 receptor binding site ( Table 2 ), mutations that, based on our evolutionary analysis, likely occurred in a common ancestor of mice and rats (and other species in the Murinae and Cricetinae subfamilies), enabled the TLQP-21 neuropeptide to become a potent agonist at C3aR1. Importantly, despite humans carrying the ancestral sequence of TLQP-21 and C3aR1, the rodent peptide retains its ability to bind hC3aR1 and potentiate adrenergic-induced lipolysis in human adipocytes. Because TLQP-21 exerts antiobesity effects in the absence of cardiac side effects while improving hypertension in rodents (Cero et al., 2016; Fargali et al., 2014; Possenti et al., 2012) , our finding might pave the way to target an alternative mechanism for pharmacotherapy of obesity.
The Mechanism of TLQP-21/C3aR1-Induced Lipolysis
TLQP-21 recently emerged as the second endogenous ligand of C3aR1 Coulthard and Woodruff, 2015; Doolen et al., 2017; Hannedouche et al., 2013) . C3aR1, a member of the GPCR superfamily, is characterized by seven transmembrane domains and a large second extracellular loop (Klos et al., 2013; Roglic et al., 1996) . Although its role in the innate immune response is well established, C3aR1 is now emerging with a much broader pattern of expression in different tissues, including adipose tissue and the CNS, and functions involving cell metabolism (Coulthard and Woodruff, 2015; Lo et al., 2014; Mamane et al., 2009) . In obesity, a significant increase in adipose tissue-specific C3aR1 expression has been found (Cero et al., 2016; Mamane et al., 2009) , with a concomitant increase in TLQP-21 membrane binding affinity (Possenti et al., 2012) . TLQP-21 is present in a subpopulation of sympathetic nerve fibers innervating white adipose tissue (WAT) but not in adipocytes. Chronic peripheral TLQP-21 treatment in rodents increases tyrosine hydroxylase (TH) enzymatic activity and NE in WAT, decreases body weight and fat mass (Cero et al., 2016; Possenti et al., 2012) , and improves glucose tolerance (Stephens et al., 2012) and obesity-induced hypertension (Fargali et al., 2014) without reported adverse effects and in the presence of normal plasma lipids, suggesting enhanced tissue β-oxidation. All of these peripheral effects appear to be independent of its central effect and to match the tissue-specific expression of C3aR1 (Guo et al., 2018) . In the present study, we showed that pharmacological antagonism or KD of C3aR1 compromises TLQP-21-mediated biological activity, including calcium uptake and pERK and blunted potentiation of adrenergic-induced activation of HSL and lipolysis. Conversely, our results appear to exclude a role of C5aR in TLQP-21-mediated biological activity. Additionally, using a pharmacological approach, we established that TLQP-21/C3aR1 induces calcium uptake from the extracellular compartment via a TRPC channel. We deliberately chose a pharmacological approach rather than genetic manipulation of TRPC because (1) TRPC channels exist as dimers (Liao et al., 2014; Vazquez et al., 2004) , and, often, depleting one subtype by KD or knockout (KO) results in compensatory upregulation of other subtypes (Krout et al., 2017; Sexton et al., 2016) , and (2) genetic manipulation of the TRPC1 channel results in altered ERK protein levels and adipogenesis (Krout et al., 2017) . Specifically, the pan-specific TRPC inhibitor SKF96365 blocked TLQP-21 mediated lipolysis. Because there is some evidence that this compound can also block store-operated Ca 2+ channels and that sustained exposure to compounds that inhibit store-operated Ca 2+ channels disrupts Ca 2+ homeostasis at the level of the endoplasmic reticulum (ER) and can significantly affect resting Ca 2+ concentrations within the cytoplasm , we used AncoA4, a specific inhibitor of storeoperated calcium release mediated by Orai I. As opposed to SKF96365, the AncoA4 inhibitor did not affect TLQP-21-mediated lipolysis. Overall, our data support the conclusion that TLQP-21 potentiates adrenergic-induced lipolysis by a mechanism requiring C3aR1-mediated influx of calcium from the extracellular compartment (via a TRPC channel) and phosphorylation of CaMKII, ERK, and HSL but not PKA or protein kinase C (PKC) (Cero et al., 2016; Petrocchi Passeri et al., 2013; Possenti et al., 2012) .
Therapeutic Relevance of the TLQP-21/C3aR1 Pathway in Humans
We investigated the role of TLQP-21/C3aR1 in human metabolic functions. We discovered that the pattern of gene expression changes due to obesity in key signaling nodes of the TLQP-21/C3aR1 and adrenergic pathways in adipose tissue is conserved in humans and mice. The observed downregulation of β-ARs and HSL in adipose tissue in obesity is consistent with previous data describing a key signature of lipolytic catecholamine resistance (Lönnqvist et al., 1992; Mowers et al., 2013) . Furthermore, present and previous data (Cero et al., 2016) suggest that a concomitant increase in C3aR1 and decrease in TRPC1 expression, which is conserved in mice and humans, can be included in the molecular signature of this clinically relevant condition. Remarkably, our in vitro study demonstrates that mouse TLQP-21 can potentiate adrenergic-induced lipolysis in human adipocytes without exerting a pro-lipolytic effect per se. This result matches the lipolytic effect of mTLQP-21 in rodent adipocytes, whereas it contrasts with the inability of hTLQP-21 to exert lipolysis in human adipocytes (at least at the micromolar doses used in the present study) and is consistent with previous data demonstrating that hTLQP-21 is a very weak agonist at hC3aR1 . To examine the molecular basis for TLQP-21/C3aR1 activation, we conducted homology modeling of the rodent and human sequences. As expected Chakraborty et al., 2015) , both hTLQP-21 and mTLQP-21 spontaneously unfolded to completion in solution, confirming the intrinsically disordered nature of the native peptide. Importantly, although hTLQP-21 had a partially unfolded structure in the presence of hC3aR1, mTLQP-21 retained a strong helical structure in the presence of both mC3aR1 as well as hC3aR1. Additionally, our analysis identified D417, R161, and R340 in the C3aR1 binding motif (conserved in both human and mouse peptide/ receptor) as the critical residues for recognition of the C-terminal arginine of TLQP-21. Our analysis supports previous findings indicating that mutagenesis of the same residues prevents C3a binding and receptor activation (Reid et al., 2013; Sun et al., 1999) . Amidation, mutation of arginine to alanine, or cleavage of the C-terminal arginine in both TLQP-21 and C3a prevents their biological activity (Cero et al., 2016; Sun et al., 1999) . This is consistent with the notion that changes to the C-terminal arginine carboxylate group would result in loss of salt bridge interactions with the D417, R161, and R340 in the C3aR1.
Our analysis also identified a key role of the amino acid in position 20 of the TLQP-21 sequence, S in human and A in rodents, respectively. S20A is the only amino acid substitution at the C-terminal tetrapeptide of TLQP-21 interacting with the 17 amino acids included in the C3aR1 binding pocket. Serine is a polar amino acid, whereas alanine is a hydrophobic amino acid. Although our model revealed that both the -PPAR (mouse) and -PPSR (human) motifs can bind to hC3aR1, the relative increase in hydrophobicity caused by the S20A substitution in the rodent peptide can explain its enhanced binding affinity and potency in the hydrophobic C3aR1 binding pocket. Additionally, increased hydrophobicity of mTLQP-21 because of the S20A substitution is consistent with the higher potency at the relatively more hydrophobic mC3aR1 compared with the hC3aR1 biding pocket. Our data on the C terminus of TLQP-21 are consistent with evidence showing that increasing the hydrophobicity markedly enhanced the potency of synthetic C3a analogs (Ember et al., 1991; Gerardy-Schahn et al., 1988) .
Finally, our homology modeling identified a significant number of conserved acidic residues (D167, D325, D326, and D327) located at the opening of the C3aR1 binding site (conserved in mice and humans) that form salt bridge interactions with the conserved R 9 RRHXHH 15 motif of TLQP-21. This result explains why the nonapeptide truncated after R12 (HFHHALPPAR) only retained minimal biological activity , whereas the RRRHFHHALPPAR fragment retains full biological activity (Rivolta et al., 2017) , and identifies this stretch of charged amino acids in the median portion of TLQP-21 as critical for peptide/receptor interaction.
Peptide/Receptor Co-evolution Explains the Pharmacology and Function of TLQP-21/ C3aR1
Our evolutionary analysis identified one amino acid substitution in the TLQP-21 peptide (S20A) and 5 amino acid substitutions in the C3aR1 receptor in mice compared with humans (Table 2) as critical to explain TLQP-21/C3aR1 biological activation. We identified a consensus sequence motif within the C3aR1 active site and TLQP-21 in the Murinae subfamily of rodents, suggesting peptide/receptor co-evolution behind the enhanced metabolic function observed in these species. Conversely, humans and most other primates express the ancestral sequence for both TLQP-21 and C3aR1. The evolutionary analysis was supported by modeling and experimental data demonstrating that "murinizing" hC3aR1 at those five residues in the receptor binding pocket is sufficient to enhance the calculated binding affinity and measured pharmacological potency of both hTLQP-21 and mTLQP-21.
Our analysis reveals that the evolution of the C3a system (C3a+C3aR1) was likely ancestral and independent of TLQP-21 in mammals. Conversely, TLQP-21 showed a divergent branch in two rodent subfamilies. All analyzed species in the Murinae and Cricetinae subfamilies express the DHMS motif in C3aR1 as well as the unique PAR motif in TLQP-21. This sequence difference can be explained by a single point mutation in TLQP-21 (S20 to A20, encoded by tcg→gcg), resulting in enhanced function of this VGF-derived peptide.
Furthermore, we can speculate that multiple mutation events led to a five-amino-acid-residue difference in the C3aR1 binding pocket and were favored for their increased hydrophobicity, favoring enhanced peptide folding, binding, and pharmacological efficacy. Based on our current knowledge of TLQP-21 physiological function, we can speculate that this coevolution was positively selected in the ancestral rodent because it conferred adaptive advantages in stimulating lipolysis in a small mammal. However, other selective pressures cannot be excluded at the moment because of incomplete knowledge of TLQP-21 biological activity (Bartolomucci et al., 2011) .
Our analysis also sheds light on the biology of C3a/C3aR1. Indeed, C3a has long been regarded as an anaphylaxotoxin. However, several inconsistencies in the literature, including an anti-inflammatory role (Coulthard and Woodruff, 2015) and our findings in TLQP-21-treated mice, suggest that the role of C3aR1 might be more complex than originally thought.
The best-established model of anaphylactic response is the guinea pig, whereas rats and mice are notoriously suboptimal models for C3a-induced anaphylactic response (Hugli and Müller-Eberhard, 1978; Regal and Klos, 2000; Regal et al., 1993) . Our modeling and evolutionary analysis sheds light on this issue. Indeed, the critical motifs for C3a, TLQP-21, and C3aR1 in Cavia porcellus (the guinea pig) are the ancestral LAR, PSR, and DHVS, respectively (Table S3 ) which are shared with humans but not with rodents. Based on our findings, we postulate that the differential pharmacology of C3a in different species can be explained by these variations in the receptor sequence. With the guinea pig sequence of the C3aR1 binding site conserved in humans, care should be taken when designing C3aR1 agonists based on the TLQP-21/C3a mechanism of receptor activation. However, recent data obtained by our laboratory suggest that TLQP-21 has a lower potency compared with the C3aR1 agonist C3a 70-77 in guinea pigs (unpublished data), suggesting that TLQP-21 can be a safer template to target C3aR1 functions in multiple cell types, including adipocytes, while minimizing side effects. Additionally, our study revealed that murinizing hC3aR1 at five residues in the receptor binding pocket is sufficient to enhance the β-arrestin potency of mTLQP-21 (48-fold) or hTLQP-21 (28-fold) to a greater extent than C3a (8.5-fold), suggesting the existence of differences in agonist-mediated activation, possibly implying a biased agonism mechanism (Lotta et al., 2019; McCorvy et al., 2018; Pandey et al., 2019) , which will be explored in future studies. A therapeutically beneficial biological activity of TLQP-21 has been established for energy balance, lipolysis, sexual behavior, blood pressure regulation, and glucose homeostasis, whereas the peptide can cause pain behavior (Bartolomucci et al., 2011; Cero et al., 2016; Doolen et al., 2017; Pinilla et al., 2011) . To the best of our knowledge, the role of TLQP-21 in innate immunity has yet to be investigated; thus, further studies are required to address the complex biological role of this evolutionary adaptation in rodents as well as to fully understand the therapeutic potential of C3aR1 agonists/antagonists based on the TLQP-21 versus the C3a mechanism of receptor activation.
Conclusion
Our multidisciplinary study identified peptide/receptor co-evolution that allowed the TLQP-21 neuropeptide to become a potent agonist at an ancient receptor, C3aR1, and, based on its mechanism of action, arguably conferred a selective advantage to mobilize energy substrates in small mammals. Because our data demonstrate that the TLQP-21/C3aR1 pathway is conserved in humans, and because mTLQP-21 is a functional agonist at hC3aR1, our discovery can pave the way for investigation of this molecular target to develop innovative pharmacotherapies directed toward adipocytes and other organs in which C3aR1 is expressed.
STAR★METHODS LEAD CONTACT AND MATERIALS AVAILABILITY
Further information and requests for resources, reagents, and data should be directed to and will be fulfilled by the Lead Contact, Alessandro Bartolomucci (abartolo@umn.edu) . This study did not generate new unique reagents.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines-3T3-L1 cells were obtained from ATCC (ATCC, CL-173) and Minnesota Obesity Centre. Commercially available human mesenchymal stem cells (hMSC) (ATCC, PCS-500-011). 3T3-L1 are from male mice (Shah et al., 2014) , while hMSC are from a female donor.
3T3-L1 cells were plated on 6-well plates and maintained in DMEM supplemented with 10% fetal calf serum (FCS) (Lonza) and with 100 units/ml of penicillin/streptomycin (Invitrogen, Carlsbad, CA) in a humidified atmosphere of 5% CO2 at 37°C. Media was changed alternate days (~48 hours) till confluent. Once confluent, differentiation into adipocytes was initiated by using a differentiation cocktail containing 10% fetal bovine serum (FBS) (Atlas) 0.5 mM methylisobutylxanthine (Sigma Aldrich, Saint Louis, MO), 10 μg/ml insulin (Sigma Aldrich, Saint Louis, MO), and 0.25 μM dexamethasone (Sigma Aldrich, Saint Louis, MO). After 48 h, the media was refreshed with Insulin only FBS medium with 10 μg/ml insulin, which was removed after 2 days. The differentiated cells were maintained in DMEM with 10% FBS and media changed every other day until used in experiments 8-9 days after induction.
hMSC were differentiated using adipocyte differentiation tool kit available from ATCC (ATCC® PCS-500-050). We validated the differentiation by Oil red O staining and by QPCR analysis of FABP4 and PPARγ expression levels.
Human subjects-208 non-diabetic volunteers of American Indian ethnicity (63% male, mean age = 30 years, mean BMI = 34 kg/m 2 ) were admitted to the Clinical Research Unit, NIDDK, Phoenix, AZ, USA, where they consumed a weight-maintaining diet (containing 50% of calories as carbohydrate, 30% as fat and 20% as protein) for at least 3 days prior to clinical testing. BMI was calculated as weight (in kg) divided by the square of height (in m 2 ). Body composition was measured by dual-energy X-ray absorptiometry (DXA) using a total body scanner (DPX-L; Lunar Radiation, Madison, WI, USA). Before participation, volunteers were fully informed of the nature and purpose of the studies, and written informed consent was obtained. All protocols were approved by the Institutional Review Board of the National Institute of Diabetes and Digestive and Kidney Diseases.
Following an overnight fast, subjects underwent a subcutaneous abdominal fat needle biopsy under local anesthesia with 1% lidocaine. The adipose tissue was then digested with collagenase and the floating adipocyte fraction was collected. Total RNA was extracted from adipose tissue and isolated mature adipocytes using an RNeasy Lipid Mini Kit and an RNeasy Mini Kit from QIAGEN (Valencia, CA, USA), respectively. During the extraction, RNA was treated with DNase using the RNase-free DNase Set (QIAGEN) according to the manufacturer's instructions. First-strand cDNA was synthesized from the adipocyte total RNA using a BD Advantage RT-for-PCR Kit (BD Bioscience/Clontech) following the manufacturer's instructions. The cDNA was analyzed on Human Exon 1.0 ST Array microarray chips (Affymetrix, Santa Clara, CA, USA) as previously described (Mason et al., 2011) .
ANIMALS
Wild-type male mice on a mixed C57BL6/J X 129Sv background were housed with same sex littermates and maintained in a 12:12h light-dark cycle at 22 ± 2°C. The mice were ad libitum fed either a 10% kcal% fat control diet (STD, D12450B, Research Diets, New Brunswick, NJ) or a 60% kcal% from fat high fat diet (HFD, D12492, Research Diets, New Brunswick, NJ) for 3 months. Body composition was determined by quantitative nuclear magnetic resonance using EchoMRI-100 (QNMR Systems, Houston, TX). All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Minnesota.
supplemented with 1% bovine serum albumin (BSA) fatty acid free (Roche) for 3 h. Following starvation, the cells were incubated with KRH buffer containing 4% BSA with various treatments. ISO 50 nM, TLQP-21 100nM, were used in all the experiments according to previous results (Cero et al., 2016) . For inhibitory lipolysis experiments with SKF-96365, AnC0A4 and KN-62, cells were pretreated for 1h with doses close to the reported IC-50/EC-50, and then exposed to ISO and TLQP-21. In case of SKF-96365 a series of doses were used while for AnC0A4 and KN-62 (1μM) doses were used in the experiments.
In all experiments, lipolysis was measured as the rate of glycerol release into the induction media. Following the incubation period, the media was collected, placed on ice for 10 min, and then placed in a water bath at 60°C for 20 min to inactivate any residual enzymatic activity. The induction media was then stored at −20°C until the glycerol assay was performed. Glycerol concentration in the conditioned media was measured using the Free Glycerol Determination kit (Sigma) in a flat-bottom 96-well plate following the manufacturer's instructions. All samples incubated for 15 min at room temperature prior to measuring the absorbance at 540 OD on a plate reader (Synergy H1, BioTEK). Glycerol content was normalized to total cellular protein content determined by Bradford Assay (Thermo Scientific). The data were normalized to the control response detected in the same experiment and expressed as fold change over controls.
Lipolysis was conducted in hMSC on 18th day, by using both Isoproterenol, human and mouse TLQP-21 peptides essentially as detailed above for 3T3-L1.
mRNA extraction, reverse transcription and quantitative real-time PCR-RNA was obtained by homogenizing around 50-100 mg of frozen tissue in 500 μL of TRI REAGENT (Molecular Research Center, Inc., Cincinnati, Ohio) on ice following manufacturer's instructions. For cells 500μl of tri reagent was directly added to the wells and processed further as per manufacturer's instructions. Total RNA was digested with Dnase I using DNA-free water (Ambion, Austin, TX) and tested for the presence of DNA contamination using PCR. Total RNA concentration and purity was then determined by spectrophotometer at 260 nm (NanoDrop 2000 UV-Vis Spectrophotometer, Thermo Scientific). 500 ng of RNA was converted into cDNA using iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA) and relative quantification of mRNAs was performed with 3.5 μL of cDNA used in each 11.5 μL real-time-RT-PCR reaction using C1000 thermal cycler (Bio-Rad Laboratories, Hercules, CA). The PCR reactions were carried out using IQ Syber Green Supermix (BIO-RAD). Primers for the target genes are presented in Table S1 . Thermal cycling parameters were as follows: an initial denaturing step (95°C for 10 min), followed by 40 cycles of denaturing, annealing, and extending (95°C for 45 s, 58°C for 45 sand then 60°C for 1 min, respectively) in a 96-well BioRad plate. The results were calculated by the comparative Ct method using β-actin as an endogenous reference gene, according to the Applied Biosystems ABI PRISM 7700 User Bulletin #2. The expression relative to β-actin was determined by calculating 2−ΔCt.
Western blot-Cells were rinsed 3X with cold PBS and harvested in RIPA buffer containing protease (Complete Mini, Roche) and phosphates inhibitors (Thermo Scientific).
Cells were incubated for 10 min (13) with ISO (50 nM), TLQP-21 (10 μM) or a combination of the two treatments. Lysates were then sonicated and centrifuged at 12,000 rpm for 10 min to remove nuclei. Protein was determined by BCA assay (Thermo Scientific) and an equivalent concentration of cell lysates were prepared in sodium dodecyl sulfate (SDS) sample buffer and boiled for 5 min at 95°C. Proteins were resolved by a (4%-20%) SDSpolyacrylamide gel electrophoresis (Bio-Rad) and transferred to a PVDF membrane (BioRad) by using a turbo blot system from Bio-Rad. Individual proteins were detected with the specific primary antibodies by overnight incubation at 4°C (tubulin #2146), pHSL (Ser660; #4126), pERK1/2 (Thr202/Tyr204, #9101) all from Cell Signaling at 1:1000 dilution. The HRP conjugated anti-rabbit antibody was used as a secondary antibody at 1:7000 dilutions and the blot was exposed to luminol enhancer solution by using ECL prime reagent (GE health care), further imaged using a chemidoc documentation system from Bio-Rad laboratories.
Generation of stable C3aR1 knockdown cells-C3aR1
ShRNA plasmid (Sigma, Cat# SHCLNG-NM_009779, and control ShRNA plasmid (Sigma,SHC002) were purchased and the lentivirus were packed by Minnesota Obesity Center. 3T3-L1 cells (from ATCC) were infected by C3aR1 shRNA lentivirus with 8ug/ml polybrene. Two days after infection, cells were selected with 2.5 μg/ml puromycin. One week after puromycin selection, the knockdown efficiency was detected by qPCR using the primers mentioned in S1 table.
Knockdown cells and controls cells were also differentiated to adipocytes for lipolysis assay.
Ca 45 2+ Uptake assay-Ca 45 2+ uptake assay was conducted as described previously (Mahata et al., 1997) . Differentiated 3T3-L1 adipocytes were washed with buffer (150 mmol/L NaCl, 5 mmol/L KCl, 2 mmol/L CaCl2, 10 mmol/L HEPES buffer, pH 7.4) every 15 minutes two times at 37°C and cells were then incubated for 3 minutes with 1 mL of Calcium-free release buffer that contained 2 μCi of Ca45 2+ (12.40 mCi/mg) plus the peptides at different concentrations and Isoproterenol at 100nM. Uptake was terminated by the addition of 2 mL of ice-cold Calcium-free buffer that contained 2mmol/L EGTA and 1 mmol/L of LaCl3, with further washing 3 times with 2 mL of the same buffer. One milliliter of cell lysis buffer (buffer containing 0.1% Triton X-100) was added to each well and collected for scintillation counting. The data were expressed as cpm/well.
Fluo-4-3T3-L1 cells were plated at 60% confluency on μ-Slide 8 Well ibiTreat dishes previously coated with collagen coating solution (Cell applications Inc.). On the second day, FCS media was replaced with Hanks' Balanced Salt Solution 1X (GIBCO) and treated with 2.5 uM Fluo-4 AM (Invitrogen) for 30 minutes. Cells were then washed with HBSS for 30 minutes, and then replaced with clean HBSS. The dishes were placed on a live cell environmental chamber in a Nikon Ti-E Deconvolution Microscope System with a New Lambda coat anti-reflective coated 20X objective lens. Elements software was used for the measurement and analysis of the assays. Images of individual wells were taken every second for a total of three minutes. After 30 s, the wells were treated with one of the following TLQP-21 concentrations: 100 nM, 1 μM, and 10 μM, the mutant version of TLQP-21 (R21A) 10 μM. HBSS was used as a negative control, and lonomycin and UTP (Uridine-5′-triphosphate) as a positive controls. For each cell, the area under the curve of the first 60 s was calculated by first removing the background noise, and then normalizing each cell to their respective basal intensity. Each experiment was then normalized to their control and then analyzed by transforming the values to a 0-1 range.
Homology Modeling-All molecular modeling was carried out using the Schrodinger modeling package (Schrödinger LLC NY, NY. 2013) . Homology modeling of the Hs. C3aR1 (NP_004045.1) and Mm. C3aR1 (NP_033909.1) were based on the structural conserved regions identified from multiple sequence alignment of C3aR1 and C5aR1 across various mammalian species. The approach was based on our earlier approach (Zhang et al., 2005) that has been widely adopted in other GPCR studies (Ahmed et al., 2014; Falls and Zhang, 2018) . The sequence alignment used for the homology modeling is shown in the Figure S8 . The sequence homology between Hs C3aR1 and Hs C5aR1 was 57%. The large variation is due to residues 178 -324 extracellular region that is uniquely found in C3aR1 which is excluded in our final c3aR1 homology model. The X-ray crystallographic structure of the C5aR1 in complex with an orthosteric cyclic peptide PMX53 and an allosteric antagonist NDT9513727 (PDB code: 6C1Q) was used as the structural template. All missing sidechains, sequence gaps, and hydrogen atoms of the template structure were first added with standard protein preparation protocols at physiological pH, followed by energy minimization using OPLS-AA 2005 force field (Jorgensen et al., 1996) with Generalized Born implicit solvent model (Still et al., 1990) to optimize all hydrogen-bonding networks.
Modeling of C3aR1 bound TLQP-21 was based on an ideal alpha helix with its C terminus mimicking the observed mode of binding of cyclic peptide PMX53. Modeling of TLQP-21 in solution was based on an ideal alpha helix.
Molecular dynamics simulation-Molecular dynamics (MD) simulations were carried out to examine the specific conformation of TLQP-21 and its interactions with C3aR1. Each of the C3aR1 -TLQP21 bound complexes was embedded in a POPC lipid membrane. Both the TLQP-21 in solution and in membrane bound C3aR1 complex were solvated by a buffer region of 15 A of TIP3P explicit water (Jorgensen et al., 1983 ) from its farthest edge with at 0.1 M NaCl salt concentration. Each simulation was carried out using Desmond (D. E. Shaw Research NY, NY. 2018 ) with default initialization protocol, followed by 50-ns simulation under constant area isothermal isobaric (NPAT) conditions at 300 K and of 1 atm pressure using the OPLS-AA 2005 force field. For comparison, simulation of TLQP-21 was carried out to identified its overall stability in solution as compared to its bound state in C3aR1. The root mean square deviation (CαRMSD) relative to its starting structure was evaluated to determine the overall structural stability and changes during the course of simulation. Our final homology model and MD simulations of C3aR1-TLQP-21 bound complex were extended for an additional 500 ns in triplicates using different random seed numbers and compared with unbound TLQP-21. CαRMSD of the receptor and TLQP-21 in complex with C3aR1 and in water was averaged over all triplicate runs and reported with SEM.
Helicity of TLQP-21-Relative alpha helicity was evaluated to compare the relative stability of TLQP-21 in solution and in bound complex with C3aR1 over the course of MD simulation. The secondary structure propensity of each residues of TLQP-21 was evaluated using the Timeline module within VMD 1.9.3. The alpha helicity of TLQP-21 was normalized relative to the starting conformation. The average relative alpha helicity of the three replicate runs for free and bound TLQP-21 is plotted over time with reported standard error bars.
TLQP-21
Binding Affinity-The change in the binding affinity of the TLQP-21 to the human and murinized-human C3aR1 was evaluated based on the thermodynamic cycle shown in Figure 5 . The peptide affinity, ΔG bind , was evaluated using the molecular mechanics generalized born solvent accessible (MMGBSA) model (Beard et al., 2013) implemented within the Bioluminate module of the Schrodinger modeling software suite. The hTLQP-21-bound hC3aR1 complex was used as the starting point of our in-silico mutagenesis study. Either the peptide or the receptor was mutated to determine the relative change in the binding affinity in each step of the thermodynamic cycle. The murinizedhuman C3aR1 model was obtained based on V400L, S400L, L413V, V419M, C420S mutations of the human C3aR1. The mTLQP-21 was obtained based on the S6A, A7S, L8S, Y13F, S20A mutations of the hTLQP-21.
Tango Arrestin Recruitment Assay-The C3aR β-arrestin recruitment assays were performed as previously described Kroeze et al., 2015) with indicated modifications. Briefly, HTLA cells (a kind gift from Julius Axelrod) expressing the TEV fused-β-arrestin2 and tTA-driven luciferase were cultured and transfected with 6 μg of C3aR wild-type or murinized (at five resides: V103I, S400L, L413V, V419M, C420S) C3aR1 DNA per 10-cm dish using calcium phosphate precipitation. After approximately 16-20 hours post-transfection, cells were detached using trypsin, centrifuged, counted and plated into white 384-well plates at a density of 10,000 cells per well in 40 μL of 1% dialyzed FBS DMEM. After approximately 6 hour incubation at 37° and 5% CO2, plates were stimulated with drugs ranging in concentration from 100 μM to 10 pM diluted in drug buffer (20 mM HEPES, 1X HBSS, 0.1% BSA, 0.01% ascorbic acid, pH 7.4) at a 5 × concentration, using a FLIPR Tetra (Molecular Devices). After approximately 20 hours of incubation at 37°C and 5% CO2, media was decanted, plates blotted for residual media, and 20 μL of BriteGlo (Promega, after 1:20 dilution) was immediately added per well. After 20 min incubation, plates were read on a MicroBeta Trilux (Perkin Elmer) at 1 s per well. Luminescence counts per second were plotted as a function of drug concentration and analyzed using log (agonist) versus response (variable slope) using Graphpad Prism 5.0. Data were normalized to percent C3a 66-77 response, which was present on every plate for every experiment.
Phylogenetic Study-Analysis was carried for mammalian species whose protein sequence for VGF, C3aR1 and C3a are known within the NCBI protein database (Table S3) . Constraints-based multiple sequence alignment and phylogenetic analysis were carried out using Cobalt (Papadopoulos and Agarwala, 2007) available through NCBI-webserver with unadjusted default parameters.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data were analyzed with ANOVA followed by Tuckey's HSD or Bonferroni post hoc test or by unpaired t test where appropriate using Statistica 13. Bayesian phylogenetic analysis was conducted with Mr. Bayes software. Gene expression levels in the human study were log-transformed and then batch-and sex-standardized prior to analyses. Values of BMI and %Fat Mass were also log-transformed to approximate a normal distribution. Linear regression analyses were performed after adjustment for age, sex and the first genetic principal component obtained from a genome-wide association study, with significance level correct for multiple comparisons. Unless otherwise noted data are presented as average + standard error of the mean. Significance was set at 0.05 unless otherwise noted.
DATA AND CODE AVAILABILITY
This study did not generate custom code. All original data are available from the lead contact upon request.
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Highlights
• TLQP-21 binds to C3aR1 and potentiates lipolysis via intracellular calcium Tukey's post hoc tests; NS, not significant; *p < 0.05, **p < 0.01, ***p < 0.001. Data are expressed as average and SEM. See also Figure S1 . See also Figure S6 and Table S3 .
